ABSTRACT In this paper, the capacity improvement of full-duplex (FD) device-to-device (D2D) underlaying cellular networks (CNs) is analyzed. A single-cell environment is considered with one half-duplex (HD) base station, multiple HD cellular user equipments (CUEs), and one pair of FD D2D user equipments (DUEs). The BS is equipped with M multiple antennas, and one pair of FD DUEs is permitted to share the same resource with M out of K uplink HD CUEs, which will lead to a more complex interference environment. First, a novel interference-limited area-based (ILA-based) scheme is proposed to manage the co-channel interference from CN CUEs to FD DUEs. The ILA-based scheme does not allow the coexistence of HD CUEs and FD DUEs if the HD CUEs are located in any region of the two ILAs. Next, a senior ILA-based (SILA-based) scheme is proposed to reduce the complexity of the ILA-based scheme, in which only a common ILA is designed for both FD DUEs instead of the two ILAs in the ILA-based scheme. Then, the lower bounds of the ergodic capacity for FD D2D communications with imperfect self-interference cancellation (SIC) are derived in closed-forms with the ILA-based scheme and the SILA-based scheme. Furthermore, the capacity gain of the FD D2D communications is analyzed, and the numerical results show that the capacity improvement of the FD D2D communications is much greater than the traditional HD D2D communication if the sufficient SIC is achieved.
I. INTRODUCTION
With the rapid development of wireless mobile communications, the high data transmission rates will be continuously required by the explosive growth of wireless data traffic due to the rapidly expanding population of broadband users and new emerging applications, such as mobile social networks and multimedia content sharing [1] - [4] . However, available spectrum for wireless communications has already been pushed to the brink of exhaustion. Hence, novel techniques are crucial to meet this growing mobile traffic demand. Particularly, full-duplex (FD) wireless transmission, and device-todevice (D2D) communications are thought as two promising technologies to improve spectrum efficiency and deal with spectrum limitation [5] - [9] .
FD communications can theoretically double the spectral efficiency compared with half-duplex (HD) communications by simultaneously transmission and reception at the same frequency band. However, due to strong self-interference (SI), it has long been regarded as impractical in the past. The critical challenge to exploit FD wireless transceivers lies in the large power discrepancy between its own transmit and receive signal powers, with a ratio generally exceeding 100 dB. Therefore, to reduce transmit power is a direct way to alleviate SI. D2D communications can offload traffic from base stations (BSs), extend network coverage, and improve spectrum and energy efficiency by enabling two proximate users to communicate directly [10] . They require low transmission power in general due to short communication distance. Therefore, it is natural and effective to integrate FD into D2D communications.
With the underlay communication mode, D2D user equipments (DUEs) can reuse the cellular frequency resources, which is beneficial to improve spectral efficiency. However, this communication mode will introduce additional cochannel interference, which must be handled carefully for realizing the potentials of the D2D technology [11] , [12] . As a result, the interference management has been investigated in some existing literatures. In [13] , a resource sharing scheme is proposed to enable concurrent transmissions for D2D communication in millimeter wave (mmWave) wireless networks. In [14] , the fair scheduling policies are proposed to exploit spatial and frequency reuse in D2D-enabled cellular systems. In [15] , the resource management algorithms are proposed to improve the spectrum efficiency of D2D communication in cellular networks. In [16] , the channel allocation problem is studied by using hypergraph theory, where D2D users are allowed to share the uplink channels with cellular users. In [17] , an interference management strategy is presented for the HD D2D receiver to control the interference from multiple HD cellular communications to one HD D2D communication.
However, all the above mentioned papers focus on the traditional HD D2D communication. To further improve the spectral efficiency, FD communication has emerged as another promising technology toward the next generation communication. The main challenge for the FD implementation is the strong SI, which is due to the signal leakage from the transmit antenna of a FD device to its own receive antenna. Fortunately, recent experimental works [18] - [20] demonstrate that the SI imposed on FD devices can even be mitigated to a sufficiently low level to make the FD communications come true. Motivated by the superiority of FD technology, it becomes more and more popular to combine FD communications with D2D communications to further improve the spectral efficiency. In [21] , [22] ,they focused on a full-duplex relaying D2D communication system, two sources, i.e., subcarrier and transmit power are considered to be appropriately allocated or controlled. In [23] , it proposed a power allocation algorithm and a channel assignment algorithm in order to solve the weighted sum-rate maximization problem for multiuser FD D2D underlay communication, considering different channel state information (CSI) scenarios. In [24] , the performance of FD D2D communication with single cellular link and single FD D2D link is derived, proving that FD D2D outperforms traditional HD D2D. In [25] , a power allocation scheme is developed for FD D2D communication to maximize the ergodic capacity of D2D link, and the sum-rate of FD underlay D2D network is analyzed and the closed-form approximation is derived. In [26] , an interference suppression mechanism to mitigate the interference from cellular communications to HD D2D communications is proposed. However, it should be noted that the D2D communication in the previous literatures is still equivalent to the HD D2D communication. Thus the spectral efficiency is not sufficient high compared with the FD communication, where two DUEs both work on FD mode and have the ability to simultaneously communicate with each other on the same frequency band. To this end, there are also some researchers focusing on FD D2D communications. In [27] , a power control method is proposed for D2D pair to limit the interference from them on base station. For interference management from cellular transmissions on D2D receivers, interference limited area method is used. Further, a position-based resource allocation mechanism is proposed in [28] to mitigate the interference from HD downlink (DL) cellular communication to FD D2D communications. In [29] ,an ILA based D2D management scheme along with an appropriately designed power control algorithm is proposed to mitigate the co-channel interference. In [30] , it formulates the ergodic capacity optimization problem for FD D2D communications based wireless cellular networks. Moreover in order to solve this optimization problem, it develops the optimal FD power allocation schemes to maximize the ergodic capacity of the wireless cellular networks. However, in [27] , [28] , [30] , the BS has to know the CSI of links between FD DUEs and HD CUEs, which are not directly connected to the BS. As a result, lots of additional signaling overheads are needed and the delay of communications is increased, which is not suitable for the time-sensitive communications.
In this paper, the capacity improvement is investigated in the underlaying networks by employing FD D2D communication considering the scenario of a single cellular environment with one HD BS, multiple HD CUEs and one pair FD DUEs. In this scenario, the CSIs of links directly connected to the HD BS are assumed to be known as well as the received CSIs of the FD DUEs and HD CUEs from their transmitters. Then, two new interference management schemes named as ''interference limited area (ILA)-based'' and ''senior ILA(SILA)-based'' are proposed to mitigate the interference from uplink CUEs on each DUE. Although the ILA-based scheme is partially mentioned in [31] , the more detailed derivation results and analysis are presented here and its senior scheme is proposed in order to further reduce the signaling overhead and complexity. The main contributions of this paper are reflected in the following three aspects:
1) The ILA-based interference control scheme is proposed to mitigate the co-channel interference from HD UL CUEs to each DUEs. The ILA is defined as the area in which the interference to signal ratio (ISR) from each HD CUE to each FD DUE is greater than a predefined threshold. The HD CUEs located in the ILA cannot share the same resource with the corresponding FD DUE. In this scheme, the BS first separately determine the HD CUE sets to share the same resource with each FD DUE, and then to determine the final HD CUEs set not to share the same resource with one pair CUEs. 2) Instead of separately determining the CUEs set for each DUE in the proposed ILA-based scheme, the SILAbased interference control scheme is proposed to design the common ILA and thus the same CUEs set for one pair FD DUEs at the beginning by relaxing the coverage of ILA. The SILA-based scheme targets at low complexity as well negligibly performance loss.
3) The lower bounds of the ergodic capacity are derived in closed-forms for FD D2D communication by using the ILA-based and SILA-based scheme respectively with non-ideal self-interference cancellation (SIC). 4) In comparison to the conventional HD cellular networks with HD D2D communication, FD D2D communication can achieve higher capacity by generally considering the capacity loss of CNs and capacity gain of FD D2D if sufficient SIC capability can be achieved. The remainder of the paper is organized as follows. The system model for the FD D2D communications underlaying cellular network is described in Section II. The details of the ILA-based scheme and the SILA-based scheme are presented in Section III, followed by the ergodic capacity analysis of FD D2D communications corresponding to the two proposed schemes in Section IV. Furthermore, the capacity gain achieved by FD D2D communications with the ILA constraint is analyzed in Section V. Numerical results are illustrated in Section VI. Finally, Section VII concludes this paper.
II. SYSTEM MODEL
We consider a cellular system comprising a single BS, K CUEs (i.e., C 1 , C 2 , · · · , C K ) and one pair of DUEs (i.e.,D 1 , D 2 ) as shown in Fig.1 . In this cellular system, the cellular links between BS and CUEs are assumed to be operated at the HD mode and the D2D links between two DUEs are operated at the FD mode. We assume that the BS is equipped with M transmit and N receive antennas and each HD CUE is equipped with one antenna. Thus the BS can simultaneously support up to M CUEs by using the MIMO spatial multiplexing [32] . In addition, each FD DUE is equipped with two separated antennas, one for transmitting and another for receiving and the FD D2D communications are permitted to share the same frequency resource with the selected M out of K uplink CUEs.
We also consider that the FD D2D interference to CNs can be managed using the power control mechanism, hence the co-channel interference from CNs to FD DUEs would be more critical to the coexistence of the FD D2D with CNs. Furthermore, the DL interference from the BS to the FD D2D receivers can be managed efficiently using the transmit beam forming techniques [33] . Based on these assumptions, the UL interference from M CUEs to the FD DUEs will be more urgent to mitigate. Moreover, different from conventional HD D2D underlaying cellular network, the RSI introduced by imperfect SIC also should be considered.
For communication links and the interference links, the large-scale power law propagation model and the smallscale fading model are considered. In the large-scale power law propagation, a path-loss model is given as P B = c(d TR ) −α P T , where d TR denotes the distance between a transmitter T and a receiver R, P T is the transmit signal power, c represents a path-loss constant, α is a path-loss exponent and P R is the received signal power measured at d TR away from the transmitter T . In the small-scale fading model, the channel coefficient of the T − R link is represented by h TR , which follows an independent complex Gaussian distribution with zero mean and unit variance.
Although the advanced self-interference cancellation techniques can significantly decrease the self-interference, it is impossible to entirely cancel the self-interference in practical scenarios. The impact of the residual self-interference due to the imperfect cancellation needs to be modeled. In this paper, we define the power for the RSI as follows:
where P s is the power of the RSI,η (0 ≤ η ≤ 1) is defined as the SIC coefficient which indicates the effect of the advanced SIC techniques, P t is the local transmit power of a FD device. When η = 1, the SIC techniques are invalid. When η = 0, there is no RSI at the receiver, which corresponds to the perfect SIC. As η varies from 1 to 0, the effect of the SIC becomes better and better. The UL interference scenario is described in Fig.1 . Since the maximum power of FD DUEs are strictly limited to avoid generating any harmful interference to CNs, the interference from DUEs to the BS is negligible. However, one pair of FD DUEs receive interference from M HD CUEs in UL transmission as well as its local self-interference. Therefore the received signal at each FD DUE (i.e.,D 1 , D 2 ) can be expressed as
where s D 1 , s D 2 , s C k are the corresponding transmit signals from one pair of FD DUEs and k − th HD CUE.
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Further, n D 1 and n D 2 are the additive white Gaussian noise (AWGN) with one-sided power spectral density (PSD), σ 2 n . We assume that the power control method is adopted for each UL cellular communication, so that the mean received powers at the BS from all UL CUEs is controlled to the same power level,P BR [34] . Since the average power of each channel is 1, the mean received power at the BS from the k−th CUE can be expressed as
Hence, the interference power from C k to each FD DUE can be rewritten as
In order to avoid generating any harmful interference to CNs, the maximum power of D 1 and D 2 should be strictly limited. Therefore we define the maximum acceptable ISR at the BS as δ BD i.e.,
where P D 1 B and P D 2 B define the interference power from D 1 DUE and D 2 DUE to the BS, respectively, i.e.,
Hence, the average transmit signal powers of D 1 and D 2 can be limited to
Note that the above maximum acceptable power values corresponding to the two FD DUEs are adopted in the following of this paper.
III. PROPOSED INTERFERENCE CONTROL SCHEMES
In this section, two interference control schemes are proposed, namely, the ILA-based and the SILA-based to control the interference from the uplink HD CUEs transmission to the FD DUEs. The ILA is defined as the area in which the ISR from CUEs to FD DUEs is greater than a predefined threshold. We consider the assumption that the BS can obtain the location information of all HD CUEs and FD DUEs, and then calculates the ILA with the same path-loss exponent for every link. Based on these assumptions, the ILA-based scheme focuses on separately calculating the ILA value of the two FD DUEs with different interference from M CUEs. Furthermore the BS can select the coexisting CUEs which are not located in the ILA for each FD DUE. The SILA-based scheme targets to jointly design only one ILA for the two FD DUEs in order to simplify the process to determine the coexisting HD CUEs by relaxing the ILA of the two FD DUEs and thus to achieve lower complexity in system design.
A. THE ILA-BASED INTERFERENCE CONTROL SCHEME
Because the two DUEs work in FD mode and share the same resource with the selected M out of K uplink HD CUEs, each FD DUE receives harmful co-channel interference from the selected M CUEs as illustrated in Fig.1 as well as selfinterference. In order to mitigate the co-channel interference imposed on each FD DUE by M CUEs, we propose the ILAbased scheme for D2D communications to select a group of users which their sub-channels can be used in FD D2D links so that the interference on FD D2D receivers will not be harmful. In this method, we calculate the ILAs around the FD DUEs in which the interference coming from cellular networks will be large. In this work, this ILA is considered to be a circle with the radius r i for DUE D i . HD CUEs outside this area are selected for sub-channel sharing with the two FD DUEs. Specifically, for the FD DUE D 1 , it's a circular area with radius r 1 in which the ISR from CN user C k to the FD DUE D 1 is greater than the predetermined threshold, δ D 1 . Similarly, for the FD DUE D 2 , it's defined as a circular area with radius r 2 where the ISR from CN user C k to the FD DUE D 2 is greater than the predetermined threshold, δ D 2 . We assume the location of
In the ILA-based scheme, the HD CUEs located in the ILA of D 1 with radius r 1 or the ILA of D 2 with radius r 2 are all forbidden to use the same subchannel with the two FD DUEs. The detail of the constraint about ISR for each FD DUE can be expressed as
where I C k D 1 means the ISR from the CUE C k to the FD DUE D 1 and I C k D 2 means the ISR from the CUE C k to the FD DUE D 2 . By substituting (5) into (9) and using the locations of L k and L D 1 , the ISR constraint for the FD DUE D 1 can be rewritten as
Similarly, the ISR constraint for the FD DUE D2 can be rewritten as (11) is expressed as
If A 1 < 1 and A 2 < 1, the only change is a reversal of the inequality sign in (13) and (14) . In addition, if A 1 = 1, the result becomes
Similarly, if A 2 = 1, the result is expressed as 
B. THE SILA-BASED INTERFERENCE CONTROL SCHEME
According to the principle of the ILA-based interference control scheme, it's beneficial to mitigate the interference from the HD CUEs to the FD DUEs with imperfect SIC. However, the final candidate set is obtained after getting the candidate sets of D 1 and D 2 , which may increase the complexity for the wireless communication system. On the other hand, comparing to the cell radius of the considered CN, the distance between two FD DUEs is quite small. The differences between the candidate set of D 1 and that of D 2 is rather small as well, particularly when the value of ILA becomes bigger. Therefore, we propose a SILA-based interference control scheme, which is beneficial to reduce the complexity of the ILA-based scheme effectively.
In order to further reduce the wireless communication system complexity, we assume that the transmit power of D 1 is the same as that of D 2 , which is defined as
Hence, the average transmit signal power of the FD DUE D 1 and FD DUE D 2 can be limited to
In the SILA-based scheme, it determines a common ILA r 3 for both FD DUEs. Furthermore, the CUEs, which is located in the common ILA cannot use the same resource with the two FD DUEs. Similar to the ILA-based scheme, the SILAbased scheme is also defined as an inner region of a circle centered at
where 2 is the distance between the (a 1 , b 1 ) and the (a 2 , b 2 ), and r 3 is the radius of the SILA, which can be obtained by (d 12 + r 1 + r 2 )/2.
As for the ISR constraint on the edge of the SILA-based scheme, we use an approximate ISR, which is the maximum value of the ISR thresholds of the FD DUE D 1 and D 2 as
According to the SILA-based scheme, the BS can directly calculate the final candidate set D by finding the HD CUEs outside the common ILA. Then, the maximum ISR from HD CUEs to each FD DUE is limited to δ SILA . Hence, as δ SILA becomes smaller, the FD D2D communications can achieve a higher capacity.
IV. ERGODIC CAPACITY ANALYSIS FOR FD D2D COMMUNICATIONS
In this section, we analyze the lower bound of the ergodic capacity of FD D2D communications with the ILA-based scheme and the SILA-based scheme considering the imperfect SIC at the FD DUEs. and noise ratio (SINR) at D 2 is expressed as
A. ERGODIC CAPACITY OF FD D2D COMMUNICATIONS
where I RSI = η.P D 2 /P D 1 D 2 means a power ratio between the RSI imposed on D 2 and the desired signal. By substituting (10) into (21), the lower bound of the received SINR at D 2 can be expressed as
Furthermore, in order to obtain the probability density function (PDF) ofγ D 2 , we first let
Since all channel coefficients assume to be an independent complex Gaussian distribution, the PDFs of x, y 1 and y 2 are f x (x) = exp(−x)U (x), and f y 1 (y 1 (24) where
With the help of eq.(6-60) in [35] and eq.(3.351.3) in [36] , the PDF ofγ D 2 = x/y is expressed as
Referring to the lower bound SINR of the FD DUE D 2 in (23), it means that all M CUEs are located at the edge of the ILA of FD DUE D 2 . Further, referring to the eq.(34) in [33] , the lower bound of the ergodic capacity of communication link from D 1 to D 2 is expressed as
By substituting (25) into (26) (27) where 
where (29) Note that when M is small, the approximate lower bound of ergodic capacity for FD D2D communications is very close to the accurate lower bound. Particularly, when M = 2 and the two HD CUEs are respectively located at the intersections of two ILAs, the approximate lower bound of ergodic capacity of FD D2D communications is equal to the accurate lower bound.
B. ERGODIC CAPACITY OF FD D2D COMMUNICATIONS WITH THE SILA-BASED SCHEME
Similar to the derivation of the lower bound of the ergodic capacity under the ILA-based interference control scheme, the approximate lower bound of the ergodic capacity of communication link from D 1 to D 2 under the SILA-based interference control scheme can be expressed as 
V. CAPACITY GAIN ANALYSIS FOR FD D2D COMMUNICATIONS
With the fact that the system scheduler do not choose the UL HD CUEs located in the corresponding ILA, the user number to share the same resource with the FD DUEs is reduced in the process of selecting M coexisting CUEs. As a result, the performance of multi-user diversity on CNs is decreased. Thus, in this section, we first analyze the capacity loss of CNs caused by introducing the ILA constraint. Next, we analyze the total capacity gain offered by the FD D2D communications by considering both the FD D2D capacity gain and the CNs capacity loss.
A. CAPACITY LOSS OF CELLULAR NETWORKS DUE TO THE ILA CONSTRAINT
In the CNs, to select M coexisting UL HD CUEs can be formulated as an user selection problem. Furthermore, a semi-orthogonal user selection (SUS) algorithm [33] has the potential to achieve an asymptotically optimal capacity at a large K while using a linear receiver. Therefore, the SUS method is adopted to select M out of K CUEs in the considered multi-user MIMO UL scenario. In addition, due to the fact that the system scheduler do not choose the CUEs located in the corresponding ILA to share the same resources with the two FD DUEs, the multi-user diversity gain of CNs is reduced. Hence, it's necessary to analyze the capacity loss to CNs caused by the SILA-based scheme. As a result, the capacity of CNs using the SUS algorithm is expressed as
where K is the total number of CUEs located in the considered cellular network and M represents the number of the selected coexisting CUEs. Similar to [33] , we assume that K is several multiples of M, which means the K is very large.
Hence, using the results of Section IV and the law of large numbers, the number of candidates in the process of selecting M coexisting CUEs under the ILA-based interference control scheme can be expressed as In addition, the number of candidates in the process of selecting M coexisting CUEs with the SILA-based interference control scheme can be expressed as
where K SILA is the number of candidates for CUEs with the SILA-based interference control scheme. Further, S SILA∩Cell is the SILA located in the CN with the SILA-based interference control scheme, which means the final candidates set D can be directly obtained by the SILA-based scheme. Particularly, while the whole SILA is included in the CN, the (34) can be rewritten as
where r is the cell radius of CN, and r 3 is the radius of the SILA coverage. Further, the asymptotic capacity of CNs with the corresponding ILA,C CN , is obtained by substituting K into K in (32) . Therefore, the capacity loss of CNs caused by the use of the ILA-based interference control scheme is expressed as
From (37), it's obvious thatC ILA loss increases as K ILA decreases. Considering K ILA is positively related to the area ratio of total ILA to the CN,C ILA loss increases as
The capacity loss of CNs caused by the use of the SILAbased interference control scheme can be expressed as
From (39), it's obvious thatC SILA loss increases as K SILA decreases. Considering K SILA is positively related to the area ratio of the SILA region to the CN,C SILA loss increases as δ SILA decreases.
B. CAPACITY GAIN OF FD D2D COMMUNICATIONS USING THE ILA CONSTRAINT
The approximate lower bound of the ergodic capacity of FD D2D communications using the ILA-based scheme is shown in (29) , and the capacity loss of CNs caused by the ILA is shown in (37). Thus, the results allow us to approximate the actual FD D2D gain achieved by the ILA-based scheme as
Further, the approximate lower bound of the ergodic capacity of FD D2D communications using the SILA-based scheme is depicted in (31) and the capacity loss of CNs caused by the SILA is illustrated in (38). Therefore, the actual FD D2D capacity gain achieved by the SILA-based scheme can be obtained by
VI. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed ILA-based interference control scheme and the SILA-based interference control scheme. Note that we assume all M CUEs are located at the edge of the ILA or SILA and the corresponding approximate lower bound of the ergodic capacity of FD D2D communications is used. Then, the numerical results are given considering the total capacity achieved by FD D2D communications and CN, which is compared with the capacity achieved by CN and HD D2D communication as well as the partial capacity achieved by CN. Further, the impact on CN caused by employing the ILA is analyzed. The simulation parameters are summarized in Table 1 . The path-loss exponent is set to 4, which represents a typical urban environment. In Fig.2 , the capacity versus average signal power of the C k −BS link,P BR , is analyzed. Specifically, perfect SIC, (e.g. I RSI = 0), and imperfect SIC, (e.g. I RSI = 0.02, 0.1, 0.2), are both considered. From the curves, with the perfect SIC, it can be observed that the approximate capacity gain offered by employing FD D2D communications with the SILA-based scheme can nearly double the HD D2D communication.
With the growth of I RSI , the RSI imposed on each FD DUE becomes more severe, the total capacity achieved by the FD D2D communications and HD CNs is very close to that achieved by the HD D2D communications and HD CNs. Furthermore, the differences among the cellular capacity of traditional CNs, that of the ILA-based and SILA-based CNs is pretty small, which means the impact on the CNs caused by the SILA-based scheme is negligible. Fig.3 investigates the capacity versus the ratio of practical interference limited area to cell area, here we define the ratio as R PILA . The practical interference limited area means the area of the ILA located in the considered CN. The FD D2D communications with perfect SIC (e.g. I RSI = 0) and imperfect SIC (e.g. I RSI = 0.02, 0.1, 0.2) are analyzed as well. Similar to capacity versusP BR curves, the FD D2D communications with perfect SIC can nearly double the capacity comparing to the HD D2D communications. With I RSI growing, the capacity of the FD D2D communications is decreasing. In addition, the capacity impact of the FD D2D communications with the SILA-based scheme on the cellular network is presented as well. The capacity impact caused by the HD D2D communications with the ILA-based scheme is given for comparison. The results show that the capacity loss of CNs increases with the increasing of R PILA . This is mainly because that the number of candidates decreases while the R PILA increases. However, the capacity loss caused by the SILA-based scheme is 0.33 bits/s/Hz, while the approximate lower bound of ergodic capacity of the FD D2D communications with perfect SIC is 9.49 bits/s/Hz. In addition, with the number of coexisting CUEs M increasing, the capacity gain offered by the FD D2D communications with the SILAbased scheme is decreased. The reason is that the interference caused by coexisting CUEs is imposed on the two FD DUEs rather than one FD DUE which occurs in the HD D2D communication. Furthermore, it's observed that the capacity loss for CNs decreases as M decreases under the SILA-based scheme, which means the influence on CNs caused by the SILA-based scheme decreases as M decreases.
Considering the location of the two FD DUEs, the capacity versus distance between D 2 and the BS, d D 2 B , is illustrated in Fig.4 . The FD D2D communications with perfect SIC (e.g. I RSI = 0) and imperfect SIC (e.g. I RSI = 0.02, 0.1, 0.2) are analyzed. The results indicate that the capacity of FD D2D communication with perfect SIC in underlaying cellular network is optimal. As the RSI increases, the capacity achieved by the FD D2D communications is decreased. When I RSI = 0.2 and M = 4, the HD D2D-included communication system even has the potential to exceed the FD D2D-included communication system. The capacity loss for the CNs decreases as R PILA increases. The intersection area of the SILA and the considered CN decrease as d D 2 B increases. Similar to the results in Fig.3 , the capacity gain offered by the FD D2D communications decreases as M increases. SILA-based scheme is very close to that of the ILA-based scheme. With the I RSI growing, the RSI imposed on each FD DUE becomes more and more severe. Thus, the capacity gain offered by the FD D2D communications decreases as the I RSI increases. While the RSI is more sever, the capacity gain offered by the FD D2D communications is worse than that offered by the HD D2D communication. However, the capacity gain offered by the FD D2D communications is still positive even in high RSI, such as I RSI = 0.5.
VII. CONCLUSION
In this paper, we have investigated the capacity improvement of FD D2D communications underlaying cellular networks. Specifically, one pair of FD DUEs with imperfect SIC and M UL HD CUEs are permitted to share the same resource, which leads to a more severe interference scenario including co-channel interference and RSI. Therefore, the ILA-based and the SILA-based interference control schemes are proposed to mitigate the uplink interference from the HD CUEs to the FD DUEs. Their corresponding ergodic capacities are analyzed and the closed-forms are derived. Meanwhile, the ergodic capacities for the FD D2D communications considering residual SI are derived in closed-forms. The capacity loss of CNs and the capacity gain of the FD D2D communications are analyzed. Numerical results demonstrate the superiority of the FD D2D communications.
APPENDIX PROOF OF LEMMA 1
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